The proneural genes (atonal and the genes of the achaete-scute complex (AS-C)) are required for the selection of sense organ precursors. They also endow these precursors with sense organ subtype information. In most of the ectoderm, atonal is required for precursors of chordotonal sense organs, whereas AS-C are required for those of most external sense organs, such as bristles. To address the question of how proneural genes influence subtype identity, we have made use of the Gal4/UAS system of misexpression. Unlike previous misexpression experiments, we found that under specific conditions of misexpression, atonal shows high subtype specificity of ectopic sense organ formation. Moreover, atonal can even transform wild-type external sense organs to chordotonal organs, although scute cannot perform the reciprocal transformation. Our evidence demonstrates that atonal's subtype determining role is not to activate directly chordotonal fate, but to repress the activation of cut, a gene that is necessary for external sense organ fate, thereby freeing its precursors to follow the alternative chordotonal organ fate.
Introduction
Drosophila melanogaster has a relatively simple peripheral nervous system: much of the epidermis is innervated by two major subtypes of sense organ (McIver, 1985; Ghysen and Dambly-Chaudière, 1993) . The external sense organs are mechano-and chemoreceptors that are usually associated with an external cuticular structure such as a bristle, whilst the chordotonal organs are internal proprioceptors and vibration sensors whose dendrites are associated with an internal scolopale structure. Both subtypes are derived from single ectodermal precursor cells, the sense organ precursors (SOPs), which can be identified by their morphology and characteristic pattern of gene expression (the socalled neural precursor genes (Vaessin et al., 1991; Bier et al., 1992) ).
The process in which SOPs are selected from the developing ectoderm is similar for each sense organ subtype. It begins with the expression of proneural genes in small patches of cells (proneural clusters) (Romani et al., 1989; Cubas et al., 1991; Skeath and Carroll, 1991) , which is refined by Delta-Notch inhibitory signalling so that neural fate becomes confined to the presumptive SOP. In general, the different subtypes of SOP require the function of different proneural genes. The genes of the achaete-scute complex (AS-C) are required for the SOPs of most external sense organs, particularly achaete (ac) and scute (sc) themselves (Dambly-Chaudière and Ghysen, 1987; Campuzano and Modolell, 1992) . A single related gene, atonal (ato), is required for chordotonal organs , as well as photoreceptors (Jarman et al., 1994) , and some antennal chemoreceptors (Gupta and Rodrigues, 1997) . The role of the different proneural genes in specifying different sense organ subtypes is shown by misexpression experiments. When any proneural gene is misexpressed in the imaginal discs, ectopic SOP determination occurs. AS-C misexpression only gives ectopic external sense organs (Rodríguez et al., 1990; Dominguez and Campuzano, 1993; Hinz et al., 1994) . In most of these areas, ectopic ato expression yields extra chordotonal organs .
As transcription factors, proneural proteins must presumably activate common target genes for SOP determination and additional proneural gene-specific target genes for determining the subtype fate of the SOP . One gene that may be differentially regulated is the homeobox gene, cut, which is specifically expressed in external sense organ precursors (Blochlinger et al., 1990) . The choice between external sense organ and chordotonal fate depends largely on the expression of cut. In the absence of cut, external sense organs are transformed into chordotonal organs (Bodmer et al., 1987) . If cut is misexpressed in chordotonal SOPs, they are transformed into external sense organs (Blochlinger et al., 1991) . These experiments suggest that the AS-C genes bias this bistable fate decision towards external sense organ fate by activating the expression of cut. Less is known of ato's relationship with cut. One possibility is that ato is activated in cut mutants, and this is what drives external sense organ SOPs to a chordotonal fate. An alternative is that ato may not provide subtype information itself, since simply the failure to activate cut may be all that is necessary for the default pathway of chordotonal organ fate.
This latter possibility seems to be supported by a complication in the misexpression phenotype of ato, which shows many ectopic external sense organs as well as chordotonal organs. There are even some areas in which ato seems only capable of yielding external sense organs. The suggestion is that ato is less capable than AS-C of giving subtype information. This might be a true reflection of proneural gene capabilities, but there is also a suggestion that ato's lack of specificity may be an artefact of the nature of misexpression given by heatshock-inducible constructs Chien et al., 1996) . Whether ato is truly less specific in its subtype-determining properties or the misexpression results are artefactual, the implication has been the same: the AS-C genes are more influential than ato in determining sense organ subtype.
The experiments described here show that this inference is not correct. Using the Gal4/UAS misexpression system (Brand and Perrimon, 1993) , we have found that under specific conditions of misexpression ato shows a much greater specificity for chordotonal organ formation than previously appreciated. Thus the earlier misexpression experiments were indeed artefactual. However, we also have evidence that ato but not sc is able to induce fate transformations of wild-type sense organs, suggesting that ato plays an active role in determining chordotonal precursors that is dominant over AS-C function. Based on our findings, we propose a model in which ato determines chordotonal precursors by actively repressing cut, thereby preventing them from following an external sense organ fate. We believe that misexpression of ato from heatshock-inducible constructs is too weak or transient to exert this influence; hence the lack of specificity in previous experiments. Our findings are important for constructing models of how proneural specificity is achieved in molecular terms.
Results

A Ga14 driver line for sense organ precursors
In a screen for Gal4 enhancer trap lines that show sense organ phenotypes when used to drive UAS-proneural gene constructs, we found a line, Gal4
109
, that drives expression in many proneural areas and SOPs of imaginal discs (Fig. 1) . When used to misexpress a UAS-sc construct (Gal4 109 / UAS-sc flies), a phenotype of extra bristles was observed in defined areas of the cuticle. This phenotype was strongest on the scutellum (where extra macrochaetae and microchaetae were formed) and the third wing vein (L3), and to a lesser degree on the dorsocentral area of the notum ( Fig.  2A,B) . The phenotype strengthened with increasing temperature (Fig. 3) , with occasional extra macrochaetae now present in the supra-alar and post-alar regions of the notum, and the vertical and post-vertical regions of the head. A similar phenotype was observed when we used a second UAS-sc line or a UAS-asense (ase) line, another member of the AS-C (not shown). To examine the specificity of sc, we looked for the presence of new chordotonal organs under the cuticle. We found no evidence of such ectopic organs. /UAS-ato-1, raised at 25°C. Misexpression of ato is now detectable in many of the external sense organ proneural clusters of the disc (cf. sc mRNA expression in Fig. 5 ). SC, scutellar area; DC, dorsocentral area; L3, presumptive third wing vein, including the dorsal radius.
Thus, the specificity of sc and ase for external sense organs is absolute, as was observed in heatshock misexpression experiments Chien et al., 1996) .
With UAS-ato, qualitatively different phenotypes were seen with different strengths of ato misexpression (Fig. 3) . In heatshock misexpression experiments, lines UAS-ato-1 and UAS-ato-4 both gave qualitatively the same phenotype of a mixture of ectopic sense organs with a hsp70-Gal4 driver, although the former was stronger (Jarman et al., 1993 and unpublished observations) . Strength of phenotype was correlated to strength of ato misexpression, as judged by Ato protein detection in the imaginal discs using anti-Ato antibodies (not shown). Using the weaker UAS-ato-4 line in combination with Gal4
, a weaker version of the Gal4 109 / UAS-sc phenotype was observed externally-ectopic bristles on the scutellum, a few on the dorsocentral notum, and vein L3. When these flies were dissected, a small number of ectopic chordotonal organs were observed under the cuticle of the scutellum and along L3. Also, the wild-type chordotonal organs were hyperplasic (consisting of more aligned scolopidia or individual chordotonal unit organs). At higher expression levels (using the more potent UAS-ato-1 line, or raising Gal4 activity at higher incubation temperatures), the phenotype became subtype specific in that only ectopic chordotonal organs were observed. The attachment of large chordotonal clusters could clearly be seen as a puckering of the external scutellar cuticle (Fig. 2D,E) . In addition, we also observed that specific wild-type external sense organs were lost in areas where they were previously increased (Fig. 2C ). This was most noticeable on the scutellum and vein L3. In many places, the appearance of chordotonal organs correlates with the disappearance of bristles. It seems likely that higher levels of ato misexpression are inducing fate transformation of external sense organs to chordotonal organs in addition to extra chordotonal organ formation. This conclusion is supported by the observation of cases in which external sense organs are malformed rather than absent and are associated with scolopales (chordotonal-specific subcellular structures) (Fig. 2F) , suggesting an incomplete fate transformation to chordotonal organs. Other external sense organs affected in this way by ato misexpression include the sternitals of the ventral abdomen, the wing sense organs ACV and TSM1 + 2 , and in extreme cases all other thoracic macrochaetae. Gal4 109 /UAS-ato flies (but not Gal4 109 /UAS-sc flies) also show a disruption of the compound eye (N. White and A.P. Jarman, in preparation).
In summary, at low ato misexpression levels, the phenotype seems to resemble that seen after heatshock-induced misexpression in that a mixture of ectopic sense organs is produced. A qualitatively different phenotype, however, is seen at higher levels. Endogenous external sense organs are malformed or missing, and the evidence suggests that this loss is due to a fate conversion of the wild-type external sense organs to chordotonal organs.
We also examined the effect of jointly misexpressing sc and ato. We found that Gal4 109 UAS-ato/UAS-sc flies did not simply show a combination of the two separate phenotypes. Instead, the extra bristles normally seen in UAS-sc flies were completely suppressed by the presence of UASato-1, although the number of extra chordotonal organs was similar to misexpression of ato alone (Fig. 3) . Thus, ato specificity seems to be dominant over sc in this assay too.
In some areas, such as the dorsocentral region of the thorax, we do not find ectopic chordotonal organs when external sense organs are suppressed. This region is close to the scutellum, and it is likely that the transformed precursors associate with the large numbers of chordotonal organs formed there. However, it is also possible that some precursors die or do not differentiate because of a lack of competence to respond to ato in these areas (see Section 3).
Misexpression of atonal can prevent the activation of cut in external sense organ precursors
Since cut is central to the choice to become an external sense organ rather than a chordotonal organ, we looked at its expression in SOPs within the imaginal discs. In wild-type wing discs, SOPs can be detected by virtue of their expression of ase, a general neural precursor gene (albeit a member of the AS-C) (Fig. 4A) . cut is expressed in the precursors that will form the external sense organs, and is also expressed in the non-neural cells of the wing margin and attached adepithelial cells (muscle precursors) (Fig. 4B) . In both Gal4 109 /UAS-sc and Gal4
109
/UAS-ato wing discs, extra ase-expressing SOPs can be detected (Fig. 4C,E) . In wing discs from Gal4 109 /UAS-sc flies, Cut was detected in the scinduced ectopic SOPs as well as the wild-type external sense organ precursors (Fig. 4D) . In discs from Gal4 109 / UAS-ato flies, however, most of the ase-expressing cells (both wild-type and ectopic SOPs) no longer express cut (Fig. 4F) . Expression is still observable in the presumptive wing margin and adepithelial cells. If cut is normally activated by AS-C action, ato inhibition of cut expression could be a consequence of inhibition of sc expression in the wildtype external sense organ proneural clusters. We found that this is not the case at the transcriptional level at least, since Gal4 109 /UAS-ato discs showed a grossly normal level of sc RNA (Fig. 5A,B) .
These findings suggest that ectopic ato expression causes fate transformation of wild-type external sense organ precursors to chordotonal organs by the inhibition of cut expression. We therefore examined whether UAS-sc could cause an opposite fate transformation in wild-type chordotonal precursors. In dissections of Gal4 109 /UAS-sc adults, however, we could not observe any defect in the wildtype chordotonal organs in the wing hinge (vR), femur of the leg (fco), or ventral abdomen. Moreover, cut was not activated in these SOPs by ectopic sc (data not shown), even though Gal4 109 drives strong ectopic expression in these cells as demonstrated by the presence of sc RNA (Fig.  5C,D) , and by the hyperplasia of these organs when UASato is expressed (not shown). Therefore ectopic ato and sc seem to have different abilities to impose fate transformations on wild-type SOPs. The inability of sc to affect chordotonal fate is also shown by the fact that we can detect sc mRNA expression during the formation of chordotonal precursors in wild-type leg and wing discs (Fig. 5C) .
To clarify the role of ato with respect to cut and chordotonal fate determination, we examined what happens to ato expression in cut mutants, in which external sense organs Fig. 3 . Graph of the numbers (mean ± SEM) of external sense organs (shaded bar) or chordotonal organs (black bar) on scutellum. In each case at least 25 flies were scored for external sense organs and 10 for chordotonal organs. In wild-type (wt) flies, there are four scutellar macrochaetae (dotted line across chart), but no chordotonal organs. In Gal4 109 / UAS-sc flies, the number of macrochaetae increases as the strength of sc misexpression increases (at higher temperatures); no chordotonal organs are formed. The number of macrochaetae also increases initially at low levels of ato misexpression (in Gal4 109 /UAS-ato-4 flies), but at higher expression levels, bristle number decreases towards zero. Concomitantly, the number of ectopic chordotonal organs rises rapidly. When sc and ato are co-misexpressed, the extra bristles seen with sc alone are suppressed, whereas chordotonal numbers are similar to ato alone. are converted to chordotonal organs. We find that there is no ectopic activation of ato in the converted sense organs of cut C145 mutant embryos (data not shown). Thus, cut is epistatic to ato in this respect, and ato is not directly needed to activate genes that enable SOPs to take on chordotonal organ fate.
External sense organs develop from solitary SOPs, whilst chordotonal organs are usually formed from clusters of precursors Okabe and Okano, 1997; zur Lage et al., 1997) . We note that this difference is also seen occasionally in the transformed and ectopic SOPs when proneural genes are misexpressed. In the scutellar/dorsocentral area of Gal4
/UAS-sc wing discs, ectopic precursors are scattered, whereas they are clustered in Gal4 109 /UAS-ato wing discs (Fig. 5E,F) . Therefore, this difference between AS-C and ato function is still preserved under the conditions of misexpression.
Different modes of atonal misexpression give different phenotypes
Given that our findings are quite different from the results of previous misexpression experiments, it is necessary to ask whether these observations are a peculiarity of the Gal4 109 line. Among the other Gal4 lines screened with UAS-ato, we found three categories of phenotype: no effect, lethality, or a non-specific mixture of ectopic sense organs resembling that given by heatshock induction. To explain this, we suggest that misexpression of ato usually leads to lethality so that only weak or non-general misexpression will allow viable flies. This seemed to be the case for heatshock-inducible ato constructs: only short heatshocks yielded viable flies with a mixture of ectopic sense organs; longer or multiple heatshocks were found to be lethal . Therefore, a mixed sense organ phenotype is a consequence of weak ato expression, just as is seen in the temperature dependence of Gal4
109
. This Gal4 driver is exceptional in allowing strong expression in non-lethal areas. This implies that more specificity would be observed in other strong driver lines were they not lethal. In order to test this, we looked at the effect of ptcGal4, which drives strong expression in a dorsoventral stripe in the imaginal discs. ptcGal4/UAS-ato and ptcGal4/UAS-sc flies are not viable but die as pharate adults with greatly deformed wings and appendages that are difficult to analyse. Therefore, we have examined imaginal discs. Although strongly deformed too, we find that large numbers of ectopic Ase-expressing SOPs are produced along the Gal4 stripe in wing discs (Fig.  6C,E) . These precursors express Cut in ptcGal4/UAS-sc discs, but do not in ptcGal4/UAS-ato discs (Fig. 6D,F) . This suggests that ato is again yielding purely chordotonal organs rather than a mixture.
Discussion
The misexpression experiments reported here reveal two characteristics of proneural genes that were not apparent from previous studies. First, we find that under certain circumstances of misexpression, ato shows a high degree of sense organ subtype specificity in only directing the formation of chordotonal organs. Secondly, under these conditions, ato is able to induce fate transformation of external /UAS-ato-1 disc, showing lack of expression in these SOPs, even though there is clear expression in the wing margin. sense organs to chordotonal organs, but sc is unable to drive the reciprocal transformation.
Experiments with cut lead to the conclusion that external sense organ and chordotonal organ are alternative fates for apparently bipotent SOPs (Bodmer et al., 1987; Blochlinger et al., 1991) . In the absence of cut expression, SOPs become chordotonal organs. If cut is activated, SOPs become external sense organs. Since cut is epistatic to both AS-C (Blochlinger et al., 1991) and ato (this report) with respect to subtype fate, the role of the proneural genes in subtype determination must largely be to influence cut activation. A plausible model would be that cut remains silent unless activated by AS-C genes, leading to the notion that chordotonal organ fate is the default for SOPs and only AS-C need to be active in subtype determination. Our results, however, suggest an alternative model. We found that ato can cause a fate transformation of external sense organs by suppressing the normal activation of cut. We propose that this finding reveals the role that ato must play in determining wild-type chordotonal SOPs. Our model is that there is a tendency for all SOPs to express cut, and that this must be suppressed in chordotonal SOPs by ato, thereby freeing its precursors to follow the alternative chordotonal organ fate (Fig. 7) . In support of a suppressive role, we found that ato is not activated in cut mutants when external sense organ SOPs are transformed to chordotonal precursors. This suggests that ato is not needed to activate chordotonal-specific genes for SOPs to achieve a chordotonal fate. It should be noted, however, that sense organ transformation in cut mutants is not entirely complete (Bodmer et al., 1987) , leaving open the possibility that there are one or more other genes that ato must regulate to control this decision completely. Also, suppression of cut may be direct or by some other intermediary factor that is activated by ato. Additionally, ato might have a positive role in activating the SOP clustering mechanisms for chordotonal organs, which include the EGFR pathway (zur Lage et al., 1997) .
The realisation that ato's subtype determining role is not to activate chordotonal genes but to inhibit cut expression simplifies the apparent complication that ato is required for a variety of sense organs: not only for chordotonal organs but also for R8 photoreceptors (Jarman et al., 1994) and even for a subset of external sense organs (some antennal olfactory receptors (Gupta and Rodrigues, 1997) ). The unifying theme to these ato-dependent sensory elements is that none of them express cut (and therefore the olfactory organs are distinct from the majority of external sense organs), whereas all AS-C-dependent elements do. Therefore, the differential role of proneural genes in subtype determination is to specify not external sense organs vs. chordotonal organs, but Cut-positive vs. Cut-negative sense organs. The exact subtype fate of ato-dependent SOPs is not controlled by ato but presumably depends on the local context.
Earlier misexpression experiments using expression from heatshock-inducible promoters suggested incomplete subtype specificity of ato action compared with sc. The Gal4 line we used in most of our experiments supports prolonged misexpression specifically in SOPs. This suggests that to achieve the high specificity that we observe, ato needs to be expressed in a prolonged manner. In contrast, transient misexpression of AS-C genes by heatshock induction was sufficient for their correct specificity . This difference between sc and ato seems to be reflected in their wild-type expression. sc is expressed relatively briefly in external sense organ precursors after their selection and is certainly switched off before they divide (Cubas et al., 1991; Skeath and Carroll, 1991) . In contrast, ato is expressed in chordotonal precursors for a much longer period in both the embryo (unpublished observations) and imaginal discs (P. zur Lage and A.P. Jarman, in preparation), at least beyond the first SOP division in the embryo. Based on our results, we suggest that this prolonged wild-type expression is important for ato's subtype specificity. In other words, transient misexpression of ato is sufficient to promote SOP formation, but not always enough to prevent the expression of cut.
Evidence for an innate tendency of SOPs to become external sense organs comes from our preliminary observations that the proneural dimerisation partner daughterless yields only ectopic external sense organs when misexpressed (unpublished data). Since daughterless encodes the heterodimer partner for all the proneural proteins, it would not be expected to have any subtype determining potential, and hence this finding supports the possibility that external sense organ fate (through cut activation) is the norm for SOPs. A tendency to activate cut in all SOPs might be the result of the widespread expression of AS-C proteins. ase is expressed in all SOPs Dominguez and Campuzano, 1993) , while sc is observed in at least some embryonic (Vaessin et al., 1994) and larval (this report) chordotonal precursors and proneural clusters. There is as yet no evidence that this expression has any function, but clearly it might have consequences in that ato would need to counter the potential for ase and sc to activate cut in chordotonal precursors. This would provide a reason for ato suppressing cut as opposed to cut simply remaining silent in chordotonal precursors. In contrast to the expression patterns of AS-C genes, a requirement following from our model is that ato expression is more restricted since it would interfere with AS-C function. This is indeed the case: ato is only expressed in the SOPs in which it is required as defined by mutant analysis.
In our experiments, ectopic and transformed chordotonal organs are not found in all the areas in which ato is activated, or indeed in all areas in which external sense organs are suppressed. Clearly, since mosaics of cut mutations will cause bristle to chordotonal transformation in these regions (Bodmer et al., 1987) , it is not that these cells are unable to form chordotonal organs per se, but that they cannot respond to ato. The pattern of competence that we observed closely resembles that seen previously in heatshock misexpression experiments Chien et al., 1996) . Therefore, even with the greater strength and specificity of this Gal4 driver line, we cannot overcome an intrinsic lack of competence to form chordotonal organs in response to ato that seems to be spatially variable in the imaginal discs. It is possible that these regions lack a cofactor that endows ato with subtype specificity, such as indicated by the domain-swap experiments of Chien et al. (1996) . We predict that the role of this cofactor is to enable ato to inhibit cut expression.
Experimental procedures
Fly stocks
We screened various enhancer trap Gal4 driver lines from the laboratories of Y.N. Jan and K. Kaiser (provided by M. Bownes). Gal4 109 was among the lines from Y.N. Jan. UASato stocks are as described . The UASsc stocks are described in Chien et al. (1996) . The UAS-ase stock is described in . All crosses designed to combine a Gal4 construct with a UAS construct were between homozygous parents or, if homozygous lethal, between heterozygotes over the second chromosome Black cells marker to allow selection of mutant larvae.
Misexpression and analysis of flies
Larvae from Gal4/UAS crosses were raised at 18°C, 25°C or 29°C as indicated in the text to take advantage of the temperature-dependent activity of Gal4 protein. Offspring were examined for external sense organs under a dissecting microscope or, for wings, by dissection, mounting in glycerol, and compound microscopy using an Olympus AX70 Provus microscope. Observation of chordotonal organs was mostly by dissection, mounting in glycerol, and Fig. 7 . Summary of potential interactions involved in subtype specification of SOPs in relation to the external sense organ and chordotonal organ fate choice that takes place in most SOPs. In AS-C-dependent SOPs, AS-C genes activate neural precursor genes for SOP fate. These genes would normally confer chordotonal fate, except that AS-C also activate cut, which inhibits chordotonal fate and activates external sense organ fate. In ato-dependent SOPs, there is still the potential for cut to be expressed, perhaps because of the co-expression of AS-C genes, but this is countered by ato. This allows the SOPs to take on the alternative chordotonal fate. This model assumes that cut is specifically activated by AS-C genes; but other models are possible in which cut is not specifically activated by AS-C genes, but by the neural precursor genes themselves. The main point is the same: that ato must repress the potential of cut to be activated in its SOPs. DIC microscopy. In some cases flies were examined by scanning electron microscopy. For this, flies were killed by freezing, mounted on stubs, and then air-dried before being sputtered with gold.
Immunohistochemistry
Antibody stainings of imaginal discs were by standard methods. Antibodies used were rabbit anti-Ase rabbit anti-Ato , and 22C10 (used in some of the adult chordotonal organ examinations) (Zipursky et al., 1984) . Mouse anti-Cut antibodies were from a hybridoma line obtained from the Developmental Studies Hybridoma Bank at the University of Iowa. For detection of sc mRNA, in situ hybridisation was performed approximately as described (Tautz and Pfeifle, 1989 ) using an antisense RNA probe synthesized from a 1-kb segment of the open reading frame in pBluescript. All comparative experiments between ato and sc were carried out in parallel under identical conditions.
